The uptake and accumulation of the potent osmolytes glycine betaine and carnitine enable the food-borne pathogen Listeria monocytogenes to proliferate in environments of elevated osmotic stress, often rendering salt-based food preservation inadequate. To date, three osmolyte transport systems are known to operate in L. monocytogenes: glycine betaine porter I (BetL), glycine betaine porter II (Gbu), and a carnitine transporter OpuC. We investigated the specificity of each transporter towards each osmolyte by creating mutant derivatives of L. monocytogenes 10403S that possess each of the transporters in isolation. Kinetic and steady-state osmolyte accumulation data together with growth rate experiments demonstrated that osmotically activated glycine betaine transport is readily and effectively mediated by Gbu and BetL and to a lesser extent by OpuC. Osmotically stimulated carnitine transport was demonstrated for OpuC and Gbu regardless of the nature of stressing salt. BetL can mediate weak carnitine uptake in response to NaCl stress but not KCl stress. No other transporter in L. monocytogenes 10403S appears to be involved in osmotically stimulated transport of either osmolyte, since a triple mutant strain yielded neither transport nor accumulation of glycine betaine or carnitine and could not be rescued by either osmolyte when grown under elevated osmotic stress.
Listeriosis is a food-borne disease that mainly affects immunocompromised individuals and is approximately 25% fatal. The causative agent, Listeria monocytogenes, is a ubiquitous gram-positive organism that is often isolated from foods of plant or animal origin (21) . The infectious dose for humans remains unknown and most likely varies depending on the immune status of the individual. Controlling the proliferation of L. monocytogenes in foods is often problematic, because the pathogen is markedly resistant to classical methods of food preservation such as acidification (grows at pH as low as 4.5 [4] ), increased osmotic pressure (NaCl concentrations as high as 10%), and cold storage (temperatures as low as Ϫ0.5°C) (5) .
Central to the pathogen's capacity to withstand and proliferate in environments of increased osmotic strength is its ability to accumulate compatible solutes intracellularly. Compatible solutes, sometimes called osmolytes, are low-molecularweight, highly soluble compounds that bear no net charge at physiological pH and function as osmoprotectants in a variety of eukaryotic and prokaryotic organisms (31) . The molecular basis of their action, although not completely understood, entails their accumulation to high levels inside the cell in response to increased external osmolarity, thus restoring turgor, without affecting cytoplasmic functions (31) . Glycine betaine, carnitine, acetylcarnitine, ␥-butyrobetaine, proline betaine, and 3-dimethylsulphoniopropionate have been shown to confer osmoprotection in L. monocytogenes in synthetic media (3) . Neither glycine betaine nor carnitine can be synthesized by L. monocytogenes, and their accumulation is achieved by active transport from the environment. Two transport systems have been biochemically and genetically identified as glycine betaine transporters (9, 10, 13, 22) , and one has been identified as a carnitine transporter (1, 7, 24, 29) .
Glycine betaine porter II (Gbu) is an ATP binding cassette (ABC) transporter that is encoded by the gbu operon (13) . Gbu, which mediates the uptake of glycine betaine, can be activated by increased osmotic pressure or decreased temperature (9, 13) . Glycine betaine porter I (BetL) is a secondary transporter that is activated by an increase in medium osmolarity and mediates the cotransport of glycine betaine with a sodium ion (a glycine betaine-Na ϩ symporter) (10, 22) . OpuC, the product of the opuC operon, is an ABC transporter that has been shown to transport carnitine in response to osmotic and cold stress (1, 7, 24) .
The transport characteristics of Gbu, BetL, and OpuC have been studied by the isolation of strains with single mutations in genes encoding transport systems and comparing their ability to transport glycine betaine or carnitine to that of their respective wild-type isogens. Although this approach proved useful in isolating and identifying the three transporters, substrate specificity remains uncertain. Furthermore, whether additional glycine betaine and carnitine transporters operate in L. monocytogenes remains unknown. Therefore, the objectives of this work were to examine the transporters' specificities for glycine betaine and carnitine in detail, to investigate whether additional transporters for either osmolyte operate in L. monocytogenes under osmotic stress, and to compare the osmoprotective potentials of these transporters in environments where glycine betaine, carnitine, or both are present. In order to achieve these objectives, double and triple transporter mutants were constructed and characterized so that Gbu, BetL, and OpuC could be studied without mutual interference. A substantially similar study has appeared previously (30) but employed a different strain of L. monocytogenes and slightly different techniques, yielding different results.
MATERIALS AND METHODS
Bacterial strains, media, and chemicals. L. monocytogenes 10403S was the wild-type strain used in this work (28) . Cultures were kept on brain heart infusion (BHI) (Difco) agar plates at 4°C. Modified (lacking choline) Pine's medium (19) containing 0.5% glucose was used as the defined medium. Escherichia coli DH5␣ was maintained on Luria-Bertani agar (20) . Glycine betaine, carnitine, NaCl, and KCl were purchased from Sigma Chemical Co. (St. Louis, Mo. (18) . Ampicillin (50 g/ml) and chloramphenicol (CHL) (10 g/ml) were purchased from Sigma and used as appropriate. Standard methods were used for routine DNA manipulations (20) . DNA polymerase was purchased from Eppendorf Scientific Inc. (Westbury, N.Y.), nucleotides and DNA-modifying enzymes were from Roche Molecular Biochemicals (Indianapolis, Ind.), and DNA purification was performed with cartridges from Qiagen Inc. (Valencia, Calif.).
Construction of L. monocytogenes transporter mutant strains. (i) Construction of single mutants. The splicing by overlap extension (SOE) PCR approach (11) was used to create internal deletion constructs for gbu, betL, and opuC. For the gbu operon, two ϳ400-bp fragments were amplified: one in the 5Ј region of the operon, inside the gbuA gene (nucleotides 612 to 1012 of the operon) was amplified using primers gSOE-A and gSOE-B (Table 1 ). The second fragment was at the 3Ј region of the operon, inside the gbuC gene (nucleotides 2849 to 3213), amplified using primers gSOE-C and gSOE-D. Following purification, the two PCR products were used as templates in a third PCR with primers gSOE-A and gSOE-D, which generated a 766-bp gbu hybrid product bearing a 1,836-bp deletion. Purified product was digested with EcoRI and XbaI, cloned into the E. coli-L. monocytogenes shuttle vector pKSV7 (25) , and transformed into E. coli DH5␣ to yield plasmid pMIA. pMIA was electroporated (17) into L. monocytogenes 10403S, and transformants were selected on BHI plates containing CHL (10 g/ml). Several colonies were picked from the transformation plates and individually propagated at 40°C (a nonpermissive temperature for pKSV7 replication) in BHI broth containing CHL (10 g/ml) for approximately 30 generations, and colonies with chromosomally integrated plasmid were isolated in BHI-CHL plates at 40°C. A single colony from the BHI-CHL plates was picked up and propagated for approximately 50 generations in BHI broth at 30°C to select for excision of the plasmid from the chromosome. Curing of the excised plasmid was achieved by sequential passage of the culture (approximately 30 generations) in BHI broth at 40°C, after which the culture was colony purified on BHI plates. Five hundred colonies were screened for loss of CHL resistance by replica plating (patching) on BHI-CHL and BHI plates, and among those showing CHL sensitivity, those having a mutant allele in the chromosome were identified using PCR (primers gSOE-F and gSOE-R). One of these mutants, L. monocytogenes ASA1 (SOEgbu10), was used for further genetic manipulations (construction of double mutants).
Similarly, for the opuC operon, two fragments were amplified: one in the 5Ј region of the operon, inside the opuCA gene (nucleotides 200 to 652 of the operon) was amplified using primers oSOE-A and oSOE-B ( Table 1 ). The second fragment was at the 3Ј region of the operon, inside the opuCD gene (nucleotides 3170 to 3598), amplified using primers oSOE-C and oSOE-D. Following purification, the two PCR products were used as templates in a third PCR with primers oSOE-A and oSOE-D, which generated an 882-bp opuC hybrid product bearing an internal 2,517-bp deletion. Purified product was digested with HindIII and BamHI, cloned into vector pKSV7 and transformed into E. coli DH5␣ to yield plasmid pZWH. pZWH was electroporated into L. monocytogenes 10403S, and transformants were selected on BHI-CHL plates. The remaining integration, excision, and curing steps as well as the screening for opuC deletion mutants were analogous to those used to construct mutant SOEgbu10. CHLsensitive mutants were examined for chromosomal deletion using PCR (primers oSOE-F and oSOE-R). The resulting mutant with an in-frame deletion in the opuC operon (SOEopuC15) was designated ASA2. For creation of a betL mutant, the SOE (bSOE-A, bSOE-B, bSOE-C, and bSOE-D) and forward and reverse (bSOE-F and bSOE-R) primers used were of the same sequence as those used by Sleator et al. (23) . The hybrid 600-bp betL construct (comprised of two regions in the 5Ј and 3Ј end of betL) was digested with XbaI and HindIII, cloned into pKSV7, and transformed into E. coli DH5␣ to yield plasmid pAEK. pAEK was similarly electroporated into L. monocytogenes 10403S. The remaining steps were identical to those described above for (ii) Construction of double mutants and triple mutant. Double transporter mutant strains (SOEgbu10-betL25 and SOEopuC15-betL25) were constructed by electroporating the pKSV7 plasmid derivatives pMIA and pZWH, respectively, into L. monocytogenes ASA3 (the betL deletion mutant SOEbetL25), and this was followed by the integration, excision, curing and, screening steps described above. These strains were designated ASA4 and ASA5, respectively. Finally, constructions of the third double mutant, ASA6 (SOEgbu10-opuC15), and the triple transporter mutant, ASA7 (SOEgbu10-opuC15-betL25), were initiated by electroporating pMIA into ASA2 and ASA5, respectively. Allelic exchange events were confirmed by PCR amplification using the SOE-F and SOE-R primer sets.
Measurement of generation time under osmotic stress in the presence and absence of osmolytes. To inoculate Pine's medium for growth rate determination, L. monocytogenes cultures were grown overnight at 30°C in BHI broth, and 1-ml aliquots were centrifuged at 11,750 ϫ g for 10 min. The pellets were washed twice with 1-ml portions of Pine's medium and used to inoculate (0.5%) 125-ml Pyrex nephelo flasks containing Pine's medium. These flask cultures were grown at 30°C to cell densities of ca. 2 ϫ 10 9 CFU/ml, diluted 10-fold in Pine's medium, and used to inoculate (1%) eight sets of 125-ml Pyrex nephelo flasks containing 15 ml of Pine's medium. These sets were incubated with mild shaking (40 rpm) at 30°C. Cultures were stressed with either 0.7 M NaCl or an isosmotic equivalent of KCl (0.72 M) and incubated in the absence of osmolytes or in the presence of 1 mM glycine betaine, 1 mM carnitine, or both osmolytes at a concentration of 0.5 mM each. Unstressed cultures with and without osmolytes were used as controls. Growth was monitored with a Klett-Summerson photoelectric colorimeter with a green (no. 54) filter. Each combination of strain, salt stress, and osmolyte was tested in triplicate. Specific growth rate constants () were calculated by plotting the natural logarithm of the number of Klett units versus time and converted to their respective generation time values (g).
Transport and steady-state cytoplasmic levels of glycine betaine and carnitine. Transport of glycine betaine and carnitine was examined for the wild-type L. monocytogenes 10403S, all three double mutant strains (ASA4, ASA5, and ASA6), and the triple mutant strain, ASA7. Transport of these osmolytes was examined at 30°C under osmotic stress provided by 0.7 M NaCl or 0.72 M KCl and under baseline conditions (no salt added). For each combination of strain and osmotic stress, transport assays were done in duplicate using 100 M [methyl- 14 C]glycine betaine and [methyl-14 C]carnitine as described previously (14) . Uptake rates were normalized to total cellular protein, which was determined using the bicinchoninic acid method (27) (Pierce Chemical, Rockford, Ill.) and are reported as nanomoles of osmolyte per minute per milligram of cellular protein.
L. monocytogenes 10403S, ASA4, ASA5 ASA6, and ASA7 were grown aerobically in modified Pine's medium containing 0.5 mM (each) glycine betaine and carnitine and 0.7 M NaCl. Unstressed cultures grown at 30°C with added osmolytes served as controls. Cultures were harvested at late log phase by centrifugation (4,080 ϫ g for 10 min at 4°C). The pelleted cells were immediately washed with ice-cold 0.775 M NaCl solution. Cytoplasmic contents were extracted with ice-cold 7% perchloric acid as described elsewhere (26) . Extracts were analyzed by natural-abundance 13 C nuclear magnetic resonance ( 13 C-NMR) as previously described (1) . Total cellular protein at the time of harvest was used to normalize compatible solute concentrations.
RESULTS
Single, double, and triple transporter mutant construction. Allelic exchange mutagenesis was used to create deletions in the gbu and opuC operons and the betL gene, which encode the ATP-driven glycine betaine transporter Gbu, the ATP-driven carnitine transporter OpuC, and the Na ϩ -glycine betaine symporter BetL, respectively. In each case, DNA fragments near the 5Ј and 3Ј ends were independently amplified, spliced, and cloned into the E. coli-L. monocytogenes shuttle vector pKSV7 to generate the recombinant-pKSV7 vector derivatives pMIA, pZWH, and pAEK that carry the spliced regions of the gbu and opuC operons and betL gene, respectively. Each recombinant pKSV7 derivative was independently electroporated into the wild-type L. monocytogenes 10403S. Chromosomal integration of plasmid vectors was selected for by growth of transformed L. monocytogenes cells for several generations in BHI broth at 40°C in the presence of CHL (10 g/ml). Excision of chromo-FIG. 1. DNA sizes after PCR amplification of chromosomal DNA extracted from wild-type L. monocytogenes 10403S; the double-mutant derivatives ASA4 (⌬betS ⌬gbu), ASA5 (⌬betL ⌬opuC), and ASA6 (⌬gbu ⌬opuC); and the triple mutant ASA7 (⌬betL ⌬gbu ⌬opuC) with the gene specific SOE-F and SOE-R primers. Lanes 1, PCR with betL primers; lanes 2, PCR with opuC primers; lanes 3, PCR with gbu primers. DNA ladder positions (in base pairs) from bottom to top: 200, 400, 600, 800, 1,000, 1,500, 2,000, 2,500, 3,000, 4,000, 5,000, 6,000, 8,000, and 10,000. L. monocytogenes single transporter mutant strains ASA2 and ASA3 were used as starting strains for a second round of two-step allele replacement mutagenesis which began with the transformation of ASA3 with the recombinant vectors pMIA or pZWH and with the transformation of ASA2 with pMIA. The three resulting double-mutant strains were ASA4, a strain with deletions in the gbu operon and betL gene; ASA5, a double betL and opuC mutant; and ASA6, a double mutant in gbu and opuC ( Table 2) . Construction of a mutant in all three genes (ASA7) was initiated by transforming pMIA into ASA5 and proceeding in the same manner as described above. Figure  1 shows the sizes of DNA fragments resulting from amplification of chromosomal DNA (extracted from the wild-type L. monocytogenes 10403S, the three double mutants and the triple mutant) with the three SOE-F and SOE-R gene-specific primer sets. Table 3 presents the expected wild-type and mutant DNA sizes after PCR amplification of chromosomal DNA by the respective pair of SOE-F and SOE-R primer for each gene.
Uptake of glycine betaine and carnitine by L. monocytogenes under osmotic stress. L. monocytogenes 10403S, ASA4, ASA5, ASA6, and ASA7 were grown at 30°C in modified Pine's medium in the presence of 0.7 M NaCl or 0.72 M KCl or without added salt. Exponentially growing cultures were centrifuged and resuspended in buffer of the same osmolality as that of the growth medium, and uptake of glycine betaine or carnitine was measured over time after addition of [methyl-14 C]glycine betaine or [methyl- 14 C] carnitine to the cultures (Fig. 2) . Transport of glycine betaine. Glycine betaine transport in L. monocytogenes is osmotically activated (14) (Fig. 2A) . Under osmotic stress, the rate of transport through the ABC transporter Gbu (Fig. 2C) was orders of magnitude higher than that of the secondary Na ϩ symporter BetL (Fig. 2G) . BetL efficiently transported glycine betaine only under NaCl-mediated stress. The nonzero rate of transport under KCl-mediated stress was equal to the baseline level of transport (observed in unstressed cells) and was probably due to the baseline osmolality of the assay buffer and the presence of sodium ion from the growth medium and assay buffer (Fig. 2G) . Weak glycine betaine transport from OpuC was observed under both stresses (Fig. 2E) .
Transport of carnitine. Carnitine transport in L. monocytogenes is also osmotically regulated (Fig. 2B) . Our results show that Gbu (Fig. 2D) and OpuC (Fig. 2F) carnitine uptake in response to osmotic stress. Weak, transient carnitine uptake was also observed by BetL when Na ϩ was present in the assay medium (Fig. 2H) . As expected, the strongest carnitine uptake was observed by the dedicated carnitine transporter OpuC (Fig. 2F) .
No uptake of either osmolyte was observed by the triple mutant L. monocytogenes ASA7, even under conditions of osmotic activation (Fig. 2I and J) .
Compatible solute accumulation under osmotic stress. L. monocytogenes strains (10403S, ASA4, ASA5, ASA6, and ASA7) were grown in defined medium at 30°C with a 0.5 mM concentration (each) of glycine betaine and carnitine, and with or without 0.7 M NaCl. 13 C-NMR analysis was performed on perchloric acid extracts of cells from cultures in balanced growth. With the exception of low levels of glutamate, no other osmolyte was detected in cell extracts of any strain in the absence of stress (data not shown).
When grown under osmotic stress (0.7 M NaCl), wild-type L. monocytogenes accumulated glycine betaine, carnitine, and glutamate (Fig. 3) . Cell extracts of mutant ASA5, which only possesses the Gbu transporter, had increased levels of glycine betaine and glutamate, but carnitine accumulation was not detected. Extracts of ASA4 (only OpuC transporter present) contained increased levels of carnitine and glutamate but no detectable glycine betaine. Extracts of mutant ASA6 (only BetL porter present) contained increased levels of glutamate and a level of glycine betaine that was comparable to, albeit somewhat lower than, that of the wild type and contained no detectable carnitine. Glutamate was the sole detectable osmolyte in extracts of the triple mutant ASA7. However glutamate accumulation by ASA7 was the highest among those measured in extracts of all other (wild-type or double-mutant) strains. It is therefore evident that, when transport of glycine betaine or carnitine is impaired, osmotically stressed L. monocytogenes increases the accumulation of glutamate and that of the other potent osmolyte (carnitine or glycine betaine). We have also observed this phenomenon in chilled, stressed cells (2) . When osmotically stressed L. monocytogenes is impaired in transport of both glycine betaine and carnitine, as is the case with the triple mutant ASA7, glutamate was the only solute that accumulated appreciably. Whether the accumulation of glutamate is the result of active transport, increased biosynthesis, or reduced turnover remains unknown.
Growth under osmotic stress in the presence or absence of glycine betaine and carnitine. The effectiveness of each transport system in alleviating osmotic stress in media with different compatible solute composition was determined by measuring the growth of the five strains in Pine's medium with 0.7 M NaCl (Fig. 4A) , with 0.72 M KCl (Fig. 4B) , or without added salt (data not shown), in the absence or presence of 1 mM glycine betaine or carnitine or a 0.5 mM concentration of each osmolyte combined. Regardless of the osmolyte present, unstressed cultures grew with a generation time (mean Ϯ standard deviation) of 1.33 Ϯ 0.09 h, and no significant differences in growth were observed among stressed cultures in the absence of osmolytes (Fig. 4) .
The following comparisons can be made in the growth of the five strains under osmotic stress conferred by 0.7 M NaCl. Compared to the growth rates observed in the absence of osmolytes, wild-type L. monocytogenes grew twice as fast in the presence of either osmolyte in the growth medium, with glycine betaine being slightly more osmoprotective than carnitine. Mutant ASA5, which possesses only the Gbu porter, also showed a 50% reduction in the generation time when glycine betaine was present; the presence of carnitine did confer some osmoprotection (24% reduction in generation time), but distinctly less than that offered by glycine betaine. An analogous response was exhibited by strain ASA4, which possesses only the carnitine transporter OpuC. Carnitine was very effective (generation time reduced by 55%), whereas glycine betaine was less effective (30% reduction). For strain ASA6, which only carries the glycine betaine symporter BetL, glycine betaine provided an osmoremedial effect that was equal in magnitude to that in strain ASA5, whereas the inclusion of carnitine did not result in any reduction in generation time. Although carnitine transport was observed by BetL in the presence of sodium (Fig. 2H) , the transport was weak, reaching approximately 100 nmol of carnitine/mg of cell protein after 1 h; this level of intracellular carnitine may be insufficient to alleviate osmotic stress. Finally, the growth rate of the triple mutant ASA7 could not be enhanced by either osmolyte, as the resulting growth rates were indistinguishable from those of cultures without added osmolytes.
The stress alleviation by osmolytes in Pine's medium with 0.72 M KCl for each of the five strains was parallel to that described above for NaCl. The only noticeable difference was the somewhat-weaker alleviating effect of glycine betaine in strain ASA6, a result that can be explained by the need of the symporter for sodium ions for efficient glycine betaine uptake.
DISCUSSION
A key feature enabling L. monocytogenes to tolerate environments of elevated osmotic stress is the pathogen's ability to accumulate the compatible solutes glycine betaine and carnitine from its environment. Recent work has led to the biochemical and genetic identification of three transport systems. BetL (10) was first identified biochemically in membrane vesicles as a glycine betaine-Na ϩ symporter that responds to hyperosmotic gradients having a strict transport requirement for sodium ion and was later identified at the genetic level as a secondary transport system that was designated BetL (22) . Gbu (9) , the product of the gbu operon (13), was identified as an osmotically activated and cold-activated glycine betaine ABC transporter. OpuC, an ABC transporter, has been identified in four L. monocytogenes strains by three laboratories as an osmotically regulated (1, 7, 24) and cold-activated (1) carnitine transporter.
Given the number, complexity, and varying range of substrate specificity exhibited by the compatible solute transporters in Bacillus subtilis (12) and the lack of such detailed knowledge in L. monocytogenes we sought to study the three currently known compatible solute transporters in L. monocytogenes in terms of their substrate specificity for the two most important osmolytes, glycine betaine and carnitine, and determine whether the transport of either or both osmolytes is mediated through yet another unknown system. Glycine betaine transport in L. monocytogenes in response to osmotic stress. Sleator et al. (22) (a BetL Ϫ insertionally inactivated mutant derivative) in potassium phosphate buffer at 30°C, under osmotic stress imposed by 0.3 M NaCl; they found that the ability of the mutant to transport glycine betaine was significantly impaired compared to that of the wild-type strain, but not completely abolished. More recently, Mendum and Smith (15) used a transposoninactivated mutant derivative of strain 10403S (LTG59) which lacks Gbu to investigate transport of glycine betaine through BetL. The rates of glycine betaine uptake for the two strains were compared in the range of 0 to 8% NaCl, and it was demonstrated that the mutant accumulated the osmolyte much more slowly, particularly at NaCl concentrations above 3% NaCl. The maximum uptake for both strains occurs at 4% NaCl. Whereas the difference in uptake between the wild type and mutant was moderate at 1 to 3% NaCl, the preponderance of the wild-type glycine betaine transport activity was absent in the mutant at or above 4% NaCl, indicating that Gbu is the predominant salt-activated glycine betaine uptake system at high salt concentrations.
Uptake data presented here reinforce the fact (10) that porter I is an osmotically activated glycine betaine porter that requires Na ϩ for efficient uptake of the osmolyte (Fig. 2G ). Ko and Smith (13) demonstrated that an L. monocytogenes 10403S mutant (LTG59) having the gbu operon insertionally inactivated displayed a fourfold-lower rate of glycine betaine uptake relative to the wild-type in response to osmotic stress conferred by 8% NaCl and that the growth rate of the mutant at 8% NaCl and 100 M glycine betaine was about one-half that of the parent strain. The authors further determined that Na ϩ was required for the residual uptake activity in LTG59 by assaying LTG59 in ACES [N-(carbamoylmethyl)-2-aminoethanesulfonic acid] buffer (13) containing 4% KCl as the stressing salt. They showed that a deficiency in Na ϩ further reduced the rate of uptake in LTG59 to about 1% that of the parent strain, indicating that nearly all of the residual activity obtained in LTG59 is dependent on Na ϩ . Glycine betaine transport in L. monocytogenes in response to osmotic stress has also been studied in mutant strains lacking the carnitine transporter OpuC. Fraser et al. (7) reported no differences in glycine betaine uptake between L. monocytogenes EGD and the opuCA::pAULA mutant derivative in potassium phosphate buffer with 0.5 M NaCl. In the same study, the concentration of glycine betaine in steady-state solute pools of the mutant under NaCl stress (0.5 M) was 35% lower than that in wild type, but no difference was observed in solute pools under KCl stress (0.5 M). In fact, in the latter case, betaine pools of the mutant were slightly higher than those of the wild type. The authors concluded that OpuC does not play an important role in betaine accumulation in L. monocytogenes. In a subsequent study Sleator et al. (24) studied glycine betaine uptake in two different L. monocytogenes strains (ScottA and L028) and ScottAC and L028C, the respective mutant derivatives in which the opuC operon had been insertionally inactivated. Interestingly, the authors showed that glycine betaine transport at 3% NaCl was weaker in both mutant strains compared to their wild-type levels but, whereas the reduction in the ScottAC mutant (relative to the level of transport by ScottA) was pronounced, the corresponding reduction in strain L028C was minor. These results demonstrate that in these two strains OpuC is involved, although to a different extent, in osmotically stimulated betaine transport.
Uptake data presented in this study demonstrate that in L. monocytogenes 10403S, osmotically activated transport of glycine betaine is mediated primarily by two transporters, Gbu and BetL ( Fig. 2A, C , E, G, and I). In both ASA5 and ASA6, which only possess betaine porters Gbu or BetL, respectively, addition of glycine betaine drastically improves growth under stress. The weak uptake of betaine displayed by strain ASA4 (Fig. 2E) may be sufficient over time to provide some osmoprotection, as evidenced by the fact that under osmotic stress, strain ASA4 grows approximately 30% faster in the presence than in the absence of betaine. Thus, as in the case of L. monocytogenes EGD, the involvement of OpuC in glycine betaine transport under stress in L. monocytogenes 10403S seems to be minor. It is nonetheless able to confer a measurable degree of osmotolerance.
Carnitine transport in L. monocytogenes in response to osmotic stress. Previous work in three laboratories has demonstrated that carnitine transport, although reduced, is still present to various extents in L. monocytogenes OpuC Ϫ mutants, indicating that an alternate route(s) for carnitine uptake must exist in Listeria. Fraser et al. (7) reported that both basal transport and osmotically (0.5 M NaCl) stimulated carnitine transport were abolished in an L. monocytogenes EGD OpuC Ϫ mutant, whereas only a small fraction of the wild-type carnitine levels could be detected in mutant solute pools under stress. Sleator et al. (24) examined carnitine transport in L. monocytogenes L028 and ScottA strains and their OpuC Ϫ mutant derivatives L028C and ScottAC. Under identical transport conditions (3% NaCl) the results showed that, whereas a large reduction was exhibited in the rate of carnitine uptake for ScottAC both in the presence and absence of salt stress relative to ScottA, the L028 parent strain had very low levels of carnitine uptake (10-fold lower than that for ScottA). This experiment demonstrated that differences in carnitine transport between different L. monocytogenes strains exist. Recent work in our laboratory using L. monocytogenes 10403S demonstrated a FIG. 3 . Compatible solute accumulation by L. monocytogenes 10403S and mutant L. monocytogenes ASA5, ASA4, ASA6, and ASA7 during balanced growth in modified Pine's medium with 0.5 mM glycine betaine and carnitine and under 0.7 M NaCl stress. Exponentially growing cultures were harvested and washed, and cytoplasmic contents were extracted with perchloric acid. Alanine (50 mM) was added to each extract as an internal standard, and compatible solutes were quantitated by using natural-abundance 13 C-NMR spectroscopy.
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large decrease in osmotically stimulated (4 and 8% KCl) carnitine transport by an OpuC Ϫ mutant (1). The residual transport activity of the mutant was also shown to be osmotically activated (1) . In the present communication we show that the primary alternate carnitine pathway is the Gbu (Fig. 2D) . Strain ASA5, containing only gbu, showed osmotically activated carnitine transport (Fig. 2D) , and when grown under osmotic stress in the presence of carnitine, it grew significantly faster than in the absence of carnitine. The further deletion of gbu from the ⌬opuC ⌬betL mutant ASA5 to produce ASA7 abolished carnitine transport altogether (Fig. 2J) , indicating that carnitine transport in ASA5 occurred via Gbu. Mendum and Smith also arrived at this conclusion and reported a K m of Gbu for carnitine of 4 mM (16). Very recently, Fraser and O'Byrne reported evidence for a low-affinity carnitine transporter (8) in strain EGD. Our data suggest that this low-affinity transporter is Gbu.
Weak and transient osmotically activated carnitine uptake by BetL was observed only under NaCl-mediated osmotic stress (Fig. 2H) . However, steady-state carnitine accumulation by ASA6 growing in the presence of 0.7 M NaCl in defined medium supplemented by glycine betaine and carnitine could not be detected by NMR, and given the inability of added carnitine to promote growth of ASA6 under NaCl stress (Fig.  4) it is most likely that BetL-mediated carnitine uptake is of little if any osmoprotective value in vivo.
The triple mutant strain ASA7 showed no uptake of either glycine betaine or carnitine in the presence (isosmotic concen- FIG. 4 . Growth characteristics of L. monocytogenes 10403S (wild type), ASA5 (containing only Gbu), ASA4 (containing only OpuC), ASA6 (containing only BetL), and ASA7 (triple deletion). Cultures were grown in BHI medium, washed, and used to inoculate (1%) modified Pine's medium. These cultures were grown to late log phase, 10-fold diluted, and used to inoculate (1%) modified Pine's medium containing 0.7 M NaCl (A) or 0.72 M KCl (B), in the presence of 1 mM glycine betaine (GB), 1 mM carnitine (CAR), or a 0.5 mM concentration of each osmolyte (GBϩCAR) or in the absence of osmolytes (Ϫ). Error bars indicate Ϯ1 standard deviation of triplicate values.
trations of NaCl and KCl) or absence of added salt. The NMR spectra of ASA7 grown under stress in the presence of both glycine betaine and carnitine were devoid of both osmolytes. Finally, addition of these osmolytes individually or in combination in ASA7 cultures grown under stress (NaCl or KCl) had no osmoprotective effect. Therefore, osmolyte uptake and accumulation data and growth rate data presented here provide evidence that no other transporter for either glycine betaine or carnitine operates in L. monocytogenes 10403S at 30°C in the presence or absence of elevated osmolarity. Furthermore, the absence of observable transport of either osmolyte by this mutant shows that the low levels of transport observed in the other mutants are real and proceed through one or more of the three transporters.
While this work was under review, Wemekamp-Kamphuis and coworkers (30) reported experiments similar to those described herein, but they used a different strain, LO28. Their results differed from ours in three respects. Their ⌬betL ⌬opuC mutant (LO28BC) did not grow well and was excluded from the analysis, transport via OpuC did not appear to be osmotically activated, and residual carnitine transport by their triple mutant (LO28BCG) led them to propose the existence of a fourth transport system. We note that the parent strain LO28 exhibits very low carnitine transport compared to that observed in ScottA (8) or 10403S (1). Our mutant ASA4 shows osmotic stimulation of carnitine transport by either KCl or NaCl (Fig.  2F) , suggesting that this difference represents variation in either activity or regulation between strains. The existence of a fourth transporter was previously suggested by Fraser and O'Byrne (8) because an opuCA insertional mutant exhibited residual carnitine transport activity, an activity which we attribute to Gbu (above). The triple mutant LO28BCG reported by Wemekamp-Kamphuis et al. did not. Strain LO28BCG was produced using SOE methodology to delete 1-kb portions of the gbu operon and 681 bp of the betL gene. opuC on the other hand, was interrupted by plasmid insertion, using a 1.1-kb fragment of the opuCB gene carried on pCPL5 to target the insertion to opuCB (24) . Neither the sequence of the 1.1-kb fragment nor the exact site of insertion was reported, and we cannot assess the likelihood that a functional fusion protein might be produced. Indeed, the same laboratory has described plasmid insertion as "a technique which can lead to phenotypic reversion" (23) . Indeed, Table 1 of their work (30) shows that the growth rates of their ⌬gbu ⌬betL and ⌬gbu ⌬betL ⌬opuC mutants under salt stress and in the presence of carnitine are indistinguishable. Similarly, their Fig. 5 shows that the osmolyte accumulation profiles of these two strains are essentially identical. The simplest interpretation of the data is that there are only three transporters for glycine betaine and carnitine and that the residual carnitine transport in LO28BCG arises from the production of functional OpuC despite the insertion. An alternate and less likely explanation is that another transporter (or transporter component) exists (e.g., lmo1421 or lmo1422 [8] ), but must function in concert with one of the genes or systems that have been deleted in strain ASA7. Recent work has revealed variation in transport and utilization of osmolytes among different L. monocytogenes strains (6, 24) . In order to quantitate the extent of strain variation in osmolyte transport, transport studies and comparisons among strains should be conducted by controlling influencing variables (growth conditions, composition of growth and assay media, type and level of osmotic stress, transport and accumulation assay protocols, and types of transporter inactivation mutants), as such variables may differentially regulate the expression and/or activity levels of these transport systems.
Understanding the details of compatible solute uptake by bacteria can lead to the identification or design of effective inhibitors that could retard or even block the uptake of these osmolytes and therefore extend the shelf life and safety of foods. Because such studies in the case of L. monocytogenes are just recently beginning to emerge (15) , for an immediate and definite contribution to safety, focus should be given on inclusion of osmolyte concentrations in foods as variables in bacterial growth modeling studies.
